strong analogies with coastal dune environments (Petit, 1980; Lemoine, 2012) . Subterranean 25 variation, in particular ontogenetic changes, could impact our results, as this has been demonstrated 1 in vegetation studies when saplings and adult trees were confounded (Spasojevic et al., 2014). In our 2 dataset only body length will be impacted by this simplification, because other traits (body shape and 3 colour, eye number, presence of trichobothria, ocelli, and anal spines, relative lengths of 4 appendages) do not change to a great extent along a springtail's life (Hopkin, 1997), or are relative to 5 a whole springtail's life (reproduction mode). 6 In a first step we performed an indirect gradient analysis, here Principal Components Analysis 7 (PCA), of species occurrences, using presence/absence in place of abundance and Spearman (rank) in 8 place of Pearson (linear) as a measure of correlation between variables. This multivariate method has 9 been already used to analyse binary data (Debinski and Brussard, 1994; Troia et al., 2012) and was 10 judged better than correspondence analysis (a multivariate method adapted to count data) when 11 searching for gradients (Kenkel, 2006) . For this analysis we used only species present in more than 12 two samples, letting 74 species as active variables. Explanatory variables (nine soil parameters as 13 listed in Table 1 and Appendix E, spoil tip versus surrounding environment, the three kinds of 14 surrounding environment, the four successional stages) were added as passive variables, using the 15 same measure of distance (rank correlation coefficient) than active variables. Functional traits were 16 also added as passive variables, affecting a score to each trait according to scaled modalities (Table 2,  17 left column). For each trait the score varied from 1 (absence) to 2, 3 or 4, affecting an arbitrary 18 number to each step of the corresponding scale. These values were averaged for each sample, after 19 each species has been weighted by its relative abundance (Appendix E The rationale for the use of species rather than functional traits as active variables was that 1 PCA was used as a preliminary step, allowing us to discern all environment gradients of potential 2 influence on collembolan communities. An even more important reason was that the set of 3 functional traits used in an ecological study is only a subset of the complete set of traits (including 4 the so-called 'hard traits') needed to assess community responses to environmental change (Lavorel 5 We also added measurements of functional diversity for single traits (here called 'trait 10 diversity') and a multi-trait measurement of functional diversity (here called 'functional diversity'). 11
For these purposes the diversity of modalities of each trait in each sample was estimated by Rao's 12 quadratic entropy (Rao, 1982) , using relative abundance values for each species present in a sample 13 and squared differences (squared Euclidean distances) between standardized CWM values (each trait 14 rescaled to vary between 0 and 1) as a measurement of dissimilarity between species (Appendix E). We demonstrated that the calculation can be simplified to a great extent when using 21 standardized CWMs, i.e. when 0 ≤ ≤ 1 and 0 ≤ ≤ 1. In this case Rao's quadratic entropy is 22 rigorously equal to trait variance (Appendix C). We also showed that when traits have only two 1 modalities (for instance presence versus absence) Rao's quadratic entropy (or trait variance) is a 2 quadratic function of standardized CWM, passing by a maximum for a value of 0.5 (Appendix C). In a second step we tested whether soil features, species traits and trait diversity varied 7 according to the 'terril' effect (spoil tip versus surrounding environment) and the successional stages 8 (bare, herb, shrub, and tree). For that purpose we used Kruskal-Wallis rank tests followed by Dunn 9 tests with Bonferroni adjustment for multiple comparisons among groups (Tables 1-3) . Rank 10 correlation coefficients between the first two components of PCA, soil variables, CWM values and 11 trait diversities were also calculated (Appendix F). 12
In a third step we used Redundancy Analysis (RDA), a direct gradient multivariate method 13 complementary to PCA (Van den Wollenberg, 1977) , to test for site, the 'terril', succession, land use, 14 and soil effects on species (presence/absence), functional traits (CWM-RDA, Kleyer et al., 2012) and 15 multi-trait functional diversity (Rao's quadratic entropy). Tests were performed with Monte-Carlo 16 simulation (500 permutations). Partial RDA was used to partial out several components of the whole 17 effect (Økland, 1996) and combinations of partial and simple RDAs were used to address some 18 specific questions, in particular whether site specificity may mask or not overall effects of soil and 19 vegetation development. For this purpose we included or not some factors in the model, and fixed 20 them (as co-variate or confounding factor) or not. As an example of reasoning we wanted to ask 21 whether the 'terril' effect was mediated or no by soil effects when all other effects were discarded: 22 for this purpose we performed two tests with site, successional stage, and surrounding land-use as 23 fixed factors, one (1) with soil not included in the model and thus allowed to vary, and the other (2) 24 with soil included in the model but fixed (testing for pure 'terril' effect because all other factors are 25 fixed). If test (1) is significant while test (2) is not, it means that the 'terril' effect was mediated by 1
soil. 2
All calculations were done with XLSTAT® version 18.07 (Addinsoft®, Paris, France). 3
Results 4
The first two principal components of PCA extract 13.2% of the total variation in species 5 composition (6.8 and 6.4% for PC1 and PC2, respectively), a low value quite expected in indirect 6 gradient analyses with a high number of active variables (74 species) and observations (81 samples). 7
The projection of samples and species in the PC1-PC2 scatterplot shows a fairly good spread along 8 both axes, without any visible horseshoe (curvilinear distortion) effect (Appendix D). 9
The projection of explanatory variables (Fig. 1) shows that PC1 mainly represents the 'terril' 10 effect, as shown by ST, ST bare, ST herb, ST shrub and ST tree having positive scores, while ENV, ENV 11 bare, ENV herb, ENV shrub have negative scores and ENV tree has a nil score. PC2 mainly represents 12 the successional effect, with ST bare, ENV bare, ST herb and ENV herb having negative scores while 13 ST tree, ENV tree and ENV shrub have positive scores. The only exception is ST shrub with weakly 14 negative scores along PC2. Anyhow, whether in spoil tips or in their surrounding environment, early 15 successional stages (bare, herb) have lower scores along PC2 than late successional stages (shrub, 16 tree). The significance of PC1 and PC2 according to 'terril' and successional effects, respectively, has 17 been verified by Kruskal-Wallis rank tests ( Table 1 ). The 'terril' effect is mainly displayed by PC1 (P < 18 0.0001) while PC2 mainly represents the successional effect (P < 0.0001), but some (although 19 weaker) contrast between spoil tips and the surrounding environment is also represented by PC2 at a 20 lower level of confidence (P < 0.01), while a contrast between successional stages is also represented 21 by PC1 (P < 0.0001), as already suggested by Figure 1 . This indicates that both factors are not strictly 22 independent, although a similar successional trend (involving the same species replacements) can be 23 evidenced in spoil tips and in their surrounding environment. The projection of the variable 'Species 24 richness' in the PC1-PC2 scatterplot shows that sample species richness is mainly correlated withPC2, thus with plant succession and associated changes in soil resources and habitats. It has been 1 verified that species richness of the samples increases with plant succession, near doubling from 7.4 2 species in bare soil to 14 species under trees (P < 0.0001) but does not differ between spoil tips and 3 their environment (11.5 and 12.3, respectively). 4
Some explanatory variables are projected far from the origin in the PC1-PC2 scatterplot, 5 thereby indicating a strong correlation with the first two PCA components. This is the case of pH, 6 which exhibits a strong negative correlation with PC2 (r s = -0.42, P < 0.001, Appendix F), and thus 7 decreases with plant succession, but not with PC1 (r s = -0.072, P = 0.52, Appendix F), and thus does 8 not seem to differ between spoil tips and their surrounding environments. This has been verified by 9 non-parametric tests (Table 1) : pH decreases from 7.7 in bare soil to 6.2 under trees (1.5 unit less, i.e. 10 30 times less protons), but does not vary between spoil tips (6.9) and their surrounding environment 11 (6.8) . Figure 1 and Table 1 show that the soil nitrogen content near doubles along the successional 12 gradient (from 2.5 to 4.5‰) but only slightly decreases from spoil tips (3.6‰) to surrounding 13 environments (3.1‰). Similar variations have been also observed in the organic matter content, with 14 a doubling from 41 to 81‰ according to succession, and a 68 to 50‰ decrease from spoil tip to 15 environment. Nitrogen and organic matter contents are strongly and positively correlated (r s = 0.77, 16 P < 0.001, Appendix F). The C/N ratio does neither show 'terril' nor successional effect, indicating 17 that the increase in nitrogen content is only due to the increase in organic matter, not to a change in 18 organic matter quality. Among soil textural classes, PC1 shows a strong contrast between fine 19 textural classes with strongly negative scores (clay, fine and coarse silt), and coarse sand with 20 strongly positive scores, fine sand being in an intermediary position, with a slightly positive score. 21
Non-parametric tests (Table 1) show that, to the exception of fine sand, there is a high contrast (P < 22 0.0001) between spoil tips (with coarse texture) and their environment (with fine texture). 23
Woodland, urban and rural land uses are projected far from the origin in the PC1-PC2 scatterplot 24 (Fig. 1) . This shows that they contribute to explain the species composition of collembolan 25 communities, with a contrast between urban and woodland land uses along PC2, i.e. in the direction 26 of plant succession, with agricultural land in an intermediary position. This suggests that the 1 influence of land use is probably indirect, plant succession seemingly reaching sooner (and thus more 2 often) the tree stage when spoil tips are inserted in a forested landscape. This has been verified by 3 the examination of aerial photographs (data not shown). At last, the existence of a site effect is 4 revealed by the spread of the different sites in the PC1-PC2 scatterplot (Fig. 1) . However, it must be 5 noticed that the spread of sites is not due only to their own respective characteristics, as detailed in 6
Appendix A, but also and most probably only to the unbalanced distribution of vegetation types 7 among them, resulting in unbalanced sampling of associated collembolan communities between 8 bare, herb, shrub and tree successional stages. Overall results depicted in Figure 1 and Table 1 show 9 that the species composition of collembolan communities responds to a variety of more or less 10 correlated environmental factors ('terril' effect, plant succession, soil features, surrounding land use). 11
They also suggest that soil and land use effects can be at least partly explained by 'terril' and 12 successional effects. 13 Based on the interpretation of PC1 and PC2 as 'terril' and successional effects on collembolan 14 communities, respectively, the projection of species functional traits in the PC1-PC2 scatterplot (Fig.  15 2) shows that most traits, to the exception of body colour and body shape which are projected not 16 far from the origin, are influenced by one or the other factor or most often by both of them. Most 17 pronounced variation along PC1 (as deduced from arrow lengths on Fig. 2 ) is decreasing body length, 18 furcula and antenna relative lengths, decreasing presence of trichobothria and scales, decreasing 19 ratio of sexual reproduction and decreasing eye number on one hand, increasing complexity of post-20 antennal organs and increasing presence of anal spines and pseudocelli on the other hand. All CWM 21 trait values, to the exception of body colour, are significantly correlated with PC1 (Appendix F). The 22 association of these trends with the 'terril effect' (Table 2) has been verified for antenna length (P < 23 0.001), trichobothria (P < 0.001), body length (P < 0.01), post-antennal organ (P < 0.01), scales (P < 24 0.01), reproduction type (P < 0.05), and furcula length (P < 0.05). Typically, according to our results 25 Collembola living in spoil tips are smaller, with shorter jumping and sensorial appendages, without 1 scales and trichobothria, with developed post-antennal organs, and parthenogenetic. 2
Most pronounced variation along PC2 was decreasing relative leg and furcula lengths, 3 decreasing ratio of sexual reproduction and eye number, decreasing presence of trichobothria and 4 scales, and increasing body length. The association of these traits with plant succession has been 5 verified by Kruskal-Wallis test for reproduction type (P < 0.0001), eye number (P < 0.0001), leg length 6 (P < 0.05), furcula length (P < 0.05) and trichobothria (P < 0.05). Only one discrepancy occurs 7 between the association of functional traits with successional stages according to PCA (Fig. 2) and 8 non-parametric tests ( Table 2 ). It concerns antenna length, which is poorly associated with PC2 ( Fig.  9 2, Appendix F) while it significantly decreases under trees (Table 2) . Typically, according to our results 10
Collembola living in open environments (in bare areas or under herbaceous vegetation) have a sexual 11 reproduction, large eye spots, trichobothria and long furcula and legs, while those living in woody 12 environments (under shrubs or trees) exhibit opposite trait modalities. 13 Figure 3 shows that trait diversity is influenced by factors represented by PC1 and PC2. The 14 diversities of trichobothria and scale presence, body length, body shape, and eye number decrease 15 along PC1 (see Appendix F for sign and significance of correlation coefficients). It has been verified 16 (Table 3 ) that all these trait diversities decrease from the surrounding environment to spoil tips, with 17 the highest level of significance (P < 0.0001) being displayed by trichobothria diversity. Typically, 18
Collembola living in spoil tips exhibit a lower diversity for trichobothria, scales, body length, body 19 shape and eye number. They are thus morphologically more similar than those living in the 20 surrounding environment. However, some variation in trait diversity is displayed by PCA but not 21 confirmed by non-parametric tests. This is the case for the increasing diversities along PC1 shown by 22 anal spines, pseudocelli, and leg and furcula lengths (Fig. 3 , Table 3 ). 23
The diversity of antennal length, body colour, reproduction type, anal spines, leg length, 24 furcula length and pseudocelli increases, while that of body length decreases along PC2 (see 25 Appendix F for sign and significance of correlation coefficients). The relationship with successional 1 stage has been verified for antennal length, body colour, anal spines, furcula length, pseudocelli, and 2 body length diversity (Table 3) . Multi-trait functional diversity increases along PC2 (r s = 0.30, P < 0.01, 3
Appendix F) but the relationship with successional stages is not significant (Table 3) . With the 4 exception of body size, it can be said that Collembola living in open environments of the study site 5 are morphologically more similar than those living in woody environments. 6
It should be noted that Rao's trait diversity (= trait variance) is strongly related to 7 standardized CWM (Appendix C). The two parabolic curves (Rao's trait diversity and trait variance) 8
show that trait diversity increases from 0 when all species are similar, whether by the common 9 presence or absence of a trait, to a maximum of 0.25 when CWM has a standardized value of 0.5 (all 10 trait modalities equally distributed around the mean value). 11
Redundancy analysis (RDA) shows that combined site, 'terril', successional, land use and soil 12 effects explain from 39 to 43% of total variation in species composition, CWM and trait diversity 13 (Table 4 , test 1). When site effects are discarded, these percentages fall to values from 16 to 25%, 14 trait diversity being most affected (Table 4 , test 2). Pure site effects (all other factors fixed) represent 15 14 to 16% of total variation in species, CWM and trait diversity, without reaching significance level on 16 CWM (Table 4 , test 3), while shared site effects increase slightly from 16 to 19% of total variation, 17 here too without reaching significance level on CWM (Table 4 , test 4). Thus species composition is 18 highly influenced by the site effect (whether pure or shared), trait diversity also, although to a lower 19 extent, while CWM is not influenced at all. 20 We wanted to test whether site effects are at least partly mediated by the dominant land use 21 surrounding the spoil tips. When allowing the land use to vary while all other factors are included 22 and fixed, site effects (Table 4 , test 5) are roughly the same as when land use is fixed (Table 4, 
test 3). 23
Species strongly respond to the site effect, while CWMs do not, and trait diversities show an 24 intermediate (although significant) response, whether land use is allowed to vary or not, pointing to 25 a negligible influence of this factor on the site effect. However, we may ask whether the surrounding 1 landscape can have a more direct influence on collembolan communities, i.e. is not just a surrogate 2 of site effect. For that purpose we discarded the site effect from the model and fixed all factors to 3 the exclusion of the land use effect (Table 4 , test 6). Only species composition can be explained by 4 this factor, and that highly significantly, despite the poor 4% of variance explained. 5 We wanted to test whether 'terril' and successional effects are mediated (or not) by the soil 6 effect, since we showed that soil features vary according to the 'terril' effect (spoil tips have a 7 coarser soil texture, Table 1 ) and to the successional stage (organic matter and nitrogen increase and 8 pH decreases along succession, Table 1 ). When soil is not included in the model while site, 9 successional and land use effects are included and fixed (Table 4 , test 7), species and CWMs are 10 significantly influenced by the 'terril' effect while trait diversity is not. When soil is fixed (Table 4, test  11 8) species and trait diversity are significantly influenced by the 'terril' effect while CWMs are not. 12
Thus 'terril' effects on functional traits are seemingly mediated by soil, while species composition is 13 affected by soil but also by other factors, and trait diversity is affected only (although to a much 14 lower extent than species) by other factors than soil. 15 Contrary to the 'terril' effect, successional effects do not differ to a great extent when site, 16 'terril' and land use effects are fixed while soil is allowed to vary or not (Table 4, At last, we wondered whether pure soil effects (all other potential effects discarded, 21 including the soil-mediated 'terril' effect) can explain species, CWM and trait diversity effects. The 22 corresponding model (Table 4 , test 11) shows that species do not react at all to soil itself, while trait 23 and trait diversities do, although at a low level of significance. 24
Functional traits of collembolan communities differ according to 'terril' and successional effects, 1 despite site-specific variation 2
Hypothesis H1 was fully verified: functional traits of collembolan communities differ 3 according to 'terril' and successional effects, despite site-specific variation. We showed that 4 functional traits are not influenced by the site effect, contrary to species composition. Widenfalk et 5 al. (2015) pointed to the interest of traits, better than species, when comparing spatially distant sites 6 sharing similar environmental conditions. Reasons advocated are that (i) species with similar 7 ecological requirements share the same traits, thereby similar environments will harbour the same 
Functional traits and the 'terril' effect 14
We showed that at community level, traits are affected by the 'terril' effect and that this European level that collembolan traits associated to deep soil are the absence of pigmentation, 25 furcula, ocelli, trichobothria and scales, the presence of compound post-antennal organs and 1 pseudocelli, and the reduction of body size, legs and antenna, to the notable exception of some 2 common eu-edaphic species such as Isotomiella minor. In our dataset all these traits responded 3 similarly to the 'terril' effect, to the exception of body colour (Table 2 ). It is well-known that most 4 soil-dwelling springtails are depigmented, a trait often used to sort this functional group without 5 resorting to species identification (Rusek, 2007) . This discrepancy might indicate that either (i) body 6 pigmentation, ensuring UV-protection (Leinaas, 2002), displays a high level of phylogenetic inertia 7 and thus can be conserved even when unnecessary as already known from plant pigments (Lee ,  8 2002), or (ii) trade-offs exist with other adaptive traits (Roff and Fairbairn, 2007) . Both processes may 9 result in pale colours shared with springtails living at or near the surface, such as for instance the 10 epigeous pale-yellow Entomobrya lanuginosa (Ponge, 1993) , and dark-coloured springtails having a 11 wide vertical range distribution, such as the predatory Friesea truncata (Ponge, 1993 (Ponge, , 2000 . 12
Similarly, pseudocelli, known as chemical defence organs in collembolan species which cannot 13 escape predation by jumping (Usher and Balogun, 1966; Dettner et al., 1996), were not preferentially 14 associated with spoil tips (Table 1) . We cannot address more accurately these issues with our data, 15
given that our sampling was not vertically stratified (Berg et al., 1998). 16 We showed that the soil of studied colliery spoil tips has a coarser texture, resulting in a 17 better developed 'porosphere' (Vannier, 1987) , and is in average richer in nitrogen and organic 18 matter than the surrounding soil ( Figure 1, Table 1 ), thus allocating space and nutrients to the 19 animals which avoid the harsh conditions prevailing at the ground surface (Kent, 1982) as species richness remains at a 'normal' level in spoil tips (Table 1) . 4 We may wonder why the 'harsh' environmental conditions of coal mine spoil tips do not 5 favour traits associated with stress tolerance, such as those reported in alpine environments (Zettel, 
Functional traits and the successional effect 20
We showed that at community level functional traits are affected by successional effects (the 21 shift from bare soil to herbaceous then to shrub and finally to tree cover) but also that, contrary to 22 the 'terril effect', factors other than soil are also in play. 
Does the diversity of collembolan functional traits increase with the development of vegetation? 14
We showed that trait diversity increased with plant succession for a number of functional 15 traits (Fig. 3, Table 3 ) but this effect was trait-specific, resulting in the absence of a statistically 16 significant multi-trait trend. Thus our hypothesis H2 was only partially supported by our dataset. 17
Traits the variety of which increased with the successional stage were body length, antenna and 18 furcula length, pseudocelli number, anal spines, and body colour. It is worth to notice that body 19 length did not respond to the successional stage when expressed as mean trait value (CWM) but did 20 it when expressed as trait variety. Conversely, some traits the average value of which varied 21 according to plant succession (reproduction type, eye number, leg length, trichobothria) did not vary 22 in variety according to this factor. This suggests at first sight that discrepancies exist between CWM 23 values and trait diversity values, which do not follow the same laws and are thus complementary in 24 the search for assembly rules (Ricotta and Moretti, 2011). The increase in organic matter content 25 from bare soil to tree cover (Table 1) which was verified here only on a subset of functional traits. 7
The absence of an overall trend of increasing functional diversity suggests that other factors 8 than niche variety (thought to act on the whole set of traits) could be involved, too, and that with 9 some degree of trait specificity. It has been shown that functional diversity varies according to We also observed increases in trait diversity from spoil tips to their surrounding 23 environments (Fig. 3, Table 3 ). In particular, trichobothria diversity showed a strong increase, at a 24 very high level of significance (P < 0.0001), independent of successional stages (where no change was 25 observed). This urged us to analyse this trend with more precision. As developed in Appendix C, we 1 showed that trait diversity was not independent of mean trait values (CWM) and thus should be 2 interpreted with care. Trait diversity decreases when CWMs approach either minimum or maximum 3 values, with a maximum at medium CWM values. This means that trait diversity gives erroneous 4 information when species share medium trait modalities in a community: trait diversity will be 5 always higher at medium values of CWM. In the above example of the presence/absence of 6 trichobothria, the increase in trait diversity between spoil tips and their surrounding environment 7 (Table 3 ) is related to the high contrast in CWM values for this trait between spoil tips (0.14, not far 8 from 0, indicating the dominant contribution of endogeic life forms) and their surrounding 9 environment (0.21, farther from 0, indicating a higher contribution of epigeic life forms). 10
Which criteria are better for the assessment of environmental effects on collembolan 11 communities: species, CWMs, or trait diversities? 12
We showed that species were influenced to a great extent by the site effect while CWMs 13
were not, thus supporting our Hypothesis H3 (Table 4 ). This result is worthy of notice as it might 14 indicate that when environmental effects are to be tested on a variety of sites, even within a 15 common regional species pool, results may be strongly influenced by spatial factors, blurring 16 potential effects of environmental filters, hence the need for partialling out spatial variation by more 17 Table 4 . Simple and partial redundancy analyses (RDA) used to ask some questions about site effect (11 sites), 'terril' effect (2 types: spoil tip, environment), plant successional effect (4 types: bare, herb, shrub, tree), surrounding land use effect (3 types: woodland, agriculture, urban) and soil physicochemistry (9 variables) on collembolan species presence/absence, Community Weighted Mean (CWM) trait values, and on trait diversity (Rao's quadratic entropy). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001; NS = not significant. Yes = included in the model as active factor; No = not included in the model; Fixed = included in the model as a confounding factor (effects discarded).
Number Terril effect Successional effect Site effect
Land use effect Soil effect
